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We report a temperature-dependent investigation of the multiferroic perovskite bismuth ferrite BiFeOs
(BFO) by using x-ray powder diffraction together with differential scanning calorimetry measurements. Our
results provide evidence that the paraelectric phase above 7.=820 °C is not cubic but distorted and can be well
refined in a monoclinic P2;/m space group. An equivalent structure can be reconstructed based on the C2/m
monoclinic space group and by assuming two types of bismuth sites. The marked change of the cell volume at
T. provides evidence for the first-order nature of the R3c-to-P2¢/m transition. The high-temperature P2;/m
phase is centrosymmetric and characterized by (i) strong oxygen octahedra tilting along the b axis; (ii) the
occurrence of antiferroelectric displacements of the Fe cations; and (iii) an interesting lamellar structure
characterized by two different types of BiO;, cages. The temperature-induced lamellar structure suggests a
significant electronic rearrangement in terms of chemical bonding, which in turn might condition anisotropic
electronic properties. The occurrence of a lamellar structure provides also an understanding of why BFO
decomposes suddenly at higher temperatures. Finally, an anomaly in the evolution of the cell parameters at Ty

underlines the spin-lattice coupling in proximity of the magnetic transition.
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I. INTRODUCTION

Multiferroics, also called “ferroelectromagnets,” are
known for a long time as materials exhibiting at least both
magnetic and polar order.! During the last few years, inves-
tigations on multiferroics have been renewed due to their
intriguing physical properties and their potential applications
for novel magnetoelectric thin film devices (magnetic memo-
ries for spintronics, tunable microwaves for filters, sensors
and actuators for electromechanical systems, etc.).” This
field of solid state science is a challenging field with impor-
tant experimental and theoretical efforts to obtain a better
understanding of the coupling mechanisms between the dif-
ferent order parameters. Multiferroic materials are also con-
sidered rare. Among them, BiFeOs; (BFO) is the most studied
and promising candidate,”> considered as a holy grail.® as it
exhibits “robust” multiferroic properties with coexistence of
both antiferromagnetic (Ty=352 °C-370 °C) (Refs. 7-12)
and ferroelectric (T-=810 °C-830 °C) (Refs. 8 and 11-15)
orders. Note that the precise value and nature of T has been
debated for a long time as some pioneering works based on
x-ray diffraction, dielectric measurements, conductivity, or
dilatometric linear expansion have reported that the Curie
temperature is rather close to 850+ 15 °C,'*18 whereas
some others have proposed that this temperature is not asso-
ciated to a transition toward a paraelectric cubic transition,
and mentioned that the Curie transition occurs at even higher
temperatures 875-880 °C."” At room temperature, bulk
BiFeO; crystallizes in a rhombohedral symmetry with the
R3¢ space group. This structure is described (1) by Bi** and
Fe’* cations displaced along the [111] threefold polar axis
and off centered with respect to the barycenter of the oxygen
polyhedra, which in turn gives rise to ferroelectricity, and (2)
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rotations of adjacent oxygen FeOg octahedra around the
[111] pseudocubic direction, corresponding to (a"a"a”™) tilt
system in Glazer’s notation.”® The Fe’* magnetic moments
are ordered in a manner that a G-type antiferromagnetic or-
dering with a long-range cycloidal modulation (period of
640 A) is obtained.®!"12 When synthesized as epitaxial thin
films, both antiferromagnetic and ferroelectric subsystems of
BiFeO; are drastically modified.> Whereas the resulting mag-
netic ordering of thin films is now fairly well understood,?!
some controversies remain on its crystal structure as
rhombohedral,?? tetragonal,23 and monoclinic® structures
have been proposed. Intensive researches were therefore car-
ried out in order to better describe the phase diagram of
BFO. As a result, it was recently demonstrated that the high-
temperature phase (above T), in both thin film and bulk, is
not a paraelectric cubic phase, as previously believed. A
ferroelectric orthorhombic order-disorder phase (P2mm) re-
sembling that of the classical ferroelectric BaTiO; was rather
proposed at T, the transition to the cubic phase occurring at
higher temperature, around 950 °C.'> In parallel to this
work, we investigate here in detail the structural evolution of
bulk BiFeO; powders versus temperature. The purpose of
this article is to experimentally investigate the structure of
BiFeO; in a wide temperature range from —180 °C up to
1000 °C. The stability phases under air atmosphere and their
structures are analyzed, and are also compared with predic-
tions arising from the use of the recently developed effective
Hamiltonian scheme of Ref. 13.

II. EXPERIMENT

BiFeO; powders were prepared by conventional solid-sate
reaction using high-purity bismuth oxide Bi,O5 and iron ox-
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ide Fe,O; as starting compounds. The oxides were mixed in
stoichiometric proportions, and calcined with a low-thermal
treatment according to previous report in order to obtain the
pure perovskite BiFeO;, free from any impurity phases.'*
Diffraction patterns from 26=5 to 120 degrees with a step of
0.004 degrees were collected with a Philips X-celerator
Bragg-Brentano diffractometer equipped with a copper
source (monochromatic radiation A=1.54056 A), from
—180 °C to 1000 °C under air atmosphere by using a cry-
ostat and a furnace with an accuracy better than 0.1 °C and
2 °C, respectively. Various temperature steps were used with
small ones of 10 °C around peculiar temperatures associated
with phase/state transitions. Differential scanning calorim-
etry (DSC) (Setaram Labsys DSC) was used to follow the
thermal stability of the different phases involved up to
1100 °C. Heating/cooling processes with a rate of
2.5 °C/min and several cycles were performed. Any appear-
ance of endothermic or exothermic peaks is related to either
structural or phase changes. The DSC measurement com-
bined with the x-ray diffraction allowed to identify the dif-
ferent thermodynamic phases. Moreover, we have compared
our experimental findings with theoretical predictions based
on the first-principles-based effective Hamiltonian method of
Ref 13. This approach reproduces well (i) the symmetry of
the ground state, (ii) the Néel and Curie temperatures, and
(iii) the intrinsic magnetoelectric coefficients. This scheme
also predicts an overlooked phase above 1100 K that (a) is
associated with antiferrodistortive motions, (b) exhibits im-
properlike dielectric behavior, and (c) is related to a first-
order character ferroelectric transition with no group or sub-
group relationship with the low-temperature phase.

III. RESULTS AND DISCUSSION

It is well known that at high-temperature BiFeO5; becomes
unstable due, e.g., to oxygen and/or bismuth volatility. In-
deed, several experimental studies previously reported that
the structure is unstable starting around ~820 °C-870 °C
range of temperatures (depending on the authors) above
which an irreversible chemical decomposition of the sample
occurs!'® (in relation with the formation of parasitic phases
often reported during sintering processes’*).

Let us first describe the evolution of BiFeO5; compound as
a function of temperature up to 1100 °C. Figure 1 shows the
DSC signal recorded during heating process. Three well-
defined endothermic peaks can be seen at 820 °C, 930 °C,
and 960 °C, and a broader and weaker one around 970 °C.
After different heating/cooling processes, we evidenced only
one reversible peak at 820 °C. Indeed, the inset of Fig. 1
shows that when the sample is heated up to 870 °C (which is
below the second endothermic peak occurring at 930 °C)
and then cooled down, a reversible exothermic peak with the
same intensity/area than the endothermic one appears at
810 °C. The latter suggests a first-order phase transition. For
the sake of clarity, we used the phase diagram from?> that
describes rather well the changes detected on the DSC data
to describe the phases’ stability [see Fig. 2(a)].

Figure 2(b) displays diffraction patterns for some specific
temperatures noted on the phase diagram [Fig. 2(a)]. At room

PHYSICAL REVIEW B 78, 134108 (2008)

(8]
e 3 1
-40 | \\\,\% g 9
o 90
‘ |"\\\\W 8 OE
\ AR
. 80 - | : *\ ;U\\\
bo | .
> t-10 | ’
3 80~ “
3 I
=) |
= i‘
= 4100 - I
o l
an) -50 ”
|- -60 v
120 -
L 70
780 800 820 840 860 880

650 700 750 800 850 900 950 1000 1050

Temperature (°C)

FIG. 1. DSC signal versus temperature in a BFO powder. Inset:
zoom around the ferroelectric transition at 820 °C versus increasing
and decreasing temperatures.

temperature and temperatures lower than 820 °C (e.g., T
=620 °C on pattern A), the diffraction pattern is well de-
scribed by the R3c ground state of BiFeO;. No additional/
impurity peaks were evidenced, showing the high quality of
the synthesized powder. On heating above 820 °C (pattern
B) the diffraction pattern exhibits main diffraction peaks
with 26 positions that are close to the low-temperature R3¢
phase, but further to this we observe additional weak peaks
(pointed with diamonds symbols in the figure). Several
heating/cooling cycles were done, which confirmed that the
phase transition at around 7,=820 °C is reversible and that
the appearance or disappearance of weak peaks is related to
this phase transition. Thus, the stable high-temperature phase
exhibits undoubtedly a complex diffraction pattern consisting
of both main and weak Bragg peaks. Furthermore, the Bragg
peaks are not single, which excludes a cubic phase above 7,
in good agreement with Ref. 15. This noncubic phase will be
discussed later in the text.

Upon further heating, an irreversible decomposition at
930 °C occurs and is characterized by the loss of the BiFeO;
diffraction pattern and the appearance of a pattern character-
istic of Bi,Fe, Oy [see arrows in inset of Fig. 1(b), pattern C].
A slight increase in the background (see inset pattern C) due
to amorphous scattering also suggests the appearance of a
small amount of a liquid, as expected from the phase dia-
gram of Ref. 25. It is worth recalling that Bi,Fe,Oq is the
main parasitic phase, which appears during the sintering pro-
cess when the sintering temperature is too high. We have also
observed that this phase appears spontaneously at
870 °C-880 °C (thus far below 930 °C) after a long-time
annealing treatment, which highlights a thermodynamic-
kinetic competition.

Another change occurs with a strong endothermic peak at
960 °C corresponding to a peritectic plateau. Just above
960 °C [Fig. 2(b), pattern D] the diffraction pattern displays
a coexistence of Bi,Fe,0q4 with Fe,05 (shown with star sym-
bols) and a larger amount of liquid phase [see inset of Fig.
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2(b), pattern D]. Above around 970 °C corresponding to the
weak and broad DSC signal, we observe a disappearance of
Bi,Fe,Oq: the diffraction pattern shows a large amount of
liquid in coexistence with the well-defined diffraction peak
of Fe,05 [Fig. 2(b), pattern E]. It is worth mentioning that by
analyzing a BiFeOj; single crystal we found the same thermal
features and a total melting point reached at T=1170 °C,
which is consistent with the phase diagram of Fig. 2(a) by
extrapolating the liquidus line.

Let us now consider the structural phase transition around
T.. For each diffraction pattern recorded below the decom-
position temperature around 930 °C, we have performed a
Rietveld analysis by using the XND software.?® Each diffrac-
tion pattern is refined using pseudo-Voigt peak-shape func-
tion including asymmetric broadening, linear interpolation
for the background, and isotropic thermal factors. Below T,
the structure is well described by the R3¢ space group. Con-
cerning the phase above T, in a first step of the structural
analysis, because of the additional weak peaks (Fig. 2 and
inset of Fig. 3), the classical perovskite symmetries—
including cubic Pm-3m, tetragonal P4mm, orthorhombic
Bmm?2, rhombohedral R3m, and monoclinic Cm or Pm
phases—are not able to well describe the whole diffraction
pattern. Figure 3 shows the diffraction pattern recorded at
830 °C (~T.+10 °C). It is worth noting that by using the
classical previous symmetries the best refinement is obtained
with the orthorhombic Bmm?2 space group, which provides a
rather good match between the observed and calculated
strong Bragg peaks in good agreement with Ref. 15. How-
ever, the additional weak peaks (Fig. 2 and inset of Fig. 3)
are not reproduced. In order to take into account the supple-
mentary reflections evidenced in the diffraction pattern (see
diamond symbols in Fig. 3), we have carefully indexed all
the observed superstructure reflections. Using the double per-
ovskite unit cell, we found that these weak peaks correspond
to (oee) reflections (where o and e are odd and even Miller

indexes, respectively), involving presence of clockwise and
counter clockwise oxygen octahedra rotation. As the above
T, phase is expected to be paraelectric, noncentrosymetric
groups in agreement with such tilt systems (Cmcm, Pnma,
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FIG. 3. Calculated (with the P2;/m symmetry) and observed
diffraction pattern of BiFeO3; (7=830 °C). A weak peak (diamond
symbol) is enlarged in inset with orthorhombic (left, Ref. 15) and
monoclinic symmetry (right).
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TABLE 1. Result of the Rietveld x-ray diffraction refinement on BiFeO; at 830 °C.

BiFe0;-830 °C-P2,/m

Lattice parameters a(A)
b(A)
c(A)
n°)
Position of Bi X 0
y 0
b4 0
Begpry(A?) 3.65
Position of Fe X %
I
. 0
Bey(re)(A?) 2.87
Position of O %
0
. 0
Begi0)(A?) 2.95
Position of O X 0.206727)
i
0.1896(24)
Beg0)(A?) 3.33
Ryp(%)
Rexp(%)
Rp (%)
Gof
RBragg(%)

0.706727)

0.1896(24)

W

NS}
O NI- O O o RI—kI— O o NI= ORI

[\

0.206727 0.706727)
1 1 1

1 1 1
0.6896(24) 0.6896(24)

333 3.33 3.33
7.08
5.80
5.84
1.22
3.56

P2,/m, and P4,/nmc) were tested by Rietveld refinement;
the best agreement matching between the observed and cal-
culated profiles (Fig. 3) is obtained with the monoclinic
P2,/m space group (Space Group SG n°11 of the Interna-
tional Tables of Crystallography?’) with constrained oxygen
atom positions. Indeed in such a phase, BFO is described
with two kinds of Bi in Wyckoff positions (2a) and (2d), two
Fe sites (2¢) with (x=3, y=1/4, and z=0) and (x=0, y
=1/4, and z=%), and six different sites for oxygen with po-
sitions (2b), (2¢), and (2¢). However because of the large
number of refined variables for oxygen atoms, we had to
constrain their positions as it is not reasonable to characterize
properly this low structure symmetry using solely x-ray dif-
fraction data. As a consequence, we therefore considered the
positions for the oxygen atoms arising from those related to
C2/m space group, which is supergroup of P2,/m, and par-
ticularly allows only three crystallographic sites (2b), (2¢),
and (8/) (SG n° 12, with the origin taken on the 2/m site and
the cell choice 2, let the B112/m group), which is more
suitable for the refinement with x-ray data. As a result, the
final refinement obtained within the P2,/m space group with
the oxygen atoms constrained is reported in Table I and gives
rather good reliable factors. It is worth mentioning that we
also performed a refinement with the C2/m group by con-
sidering two Wyckoff positions (2a) and (2d) for Bi**, simi-
larly to P2;/m group. Such refinement gives identical factors

of reliability showing the similarity of both previous descrip-
tions of the structure. Based on the x-ray diffraction data, it
is therefore possible to describe the high-temperature phase
of BiFeO; within either the P2,/m space group by constrain-
ing the oxygen positions or the C2/m space group by impos-
ing two different positions for the bismuth cations. As a re-
sult, the final P2/m phase—as well as the C2/m—allows to
reconstruct both the strong pseudocubic reflections and the
weaker ones (see inset of Fig. 3). Interestingly, the lattice
parameters at 7=830 °C are a,=5.6148(3) A, by,
=7.9725(1) A, ¢;,=5.6467(1) A, and y=90.015(4)°, which
are very close to a pseudotetragonal-like unit cell. Moreover
this space group is centrosymmetric, which implies that the
phase is not ferroelectric, unlike previously thought.®!:12 It
was not possible to completely describe the antiferrodistor-
sive tilting system because of the large number of variables.
The tilting system corresponds to (a™b7c*) in Glazer’s
notation?® that we restricted artificially to (a~b~c’). Within
this later system, the main tilting angle around the b axis is
found to be equal to 11(1)°, which is very close to the one at
room temperature [i.e., 13.8° (Ref. 28) around the rhombo-
hedral main axis]. Nevertheless, further neutron diffraction
data are strongly needed to better describe the oxygen tilting
system of this monoclinic paraelectric phase.

This experimentally determined phase displays several
similarities with that found in recent computations.13 Indeed,
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FIG. 4. Temperature-dependence evolution of the R3¢ and the
P2y/m_cell parameters described in a pseudocubic cell (ay,
=ay/\2 and c¢,=cy/2V3, and a,=ay/\2, b,=by/2, and c,
=,/ N2). Error bars correspond to the size of the symbols.

these calculations demonstrated that the phase above T. is
not cubic, but is rather an antiferrodistortive paraelectric te-
tragonal phase with the space group /4/mcm, which is simi-
lar to that of the low-temperature phase of the classical
SrTiO; compound. Actually /4/mcm is one of the possible
minimal supergroup of C2/m space group, which underlines
the proximity of these two phases.? Around 830 °C, our
calculations give a tetragonal unit cell with an oxygen octa-
hedra tilting angle of 10.3°, which is rather close to the ex-
perimental one. We also found experimentally that the final
structure is actually much more complex and displays a
lamellar character, described below, with BiO,, cuboctahe-
dron strongly distorted and short (2.35 A) and long
(3.28 A) Fe-O bonds. Such variation in chemical bonds may
affect the conductivity properties of BiFeO;, and an
insulator-metal-like transition may be expected, as it was
proposed in Ref. 15. It is also worth mentioning that micro-
Raman diffusion performed on BiFeO; single crystals
showed that this transition is accompanied by a marked and
brutal increase in the background and the lost of the R3c
Raman spectra.® This signature might be due to incoming
electron-phonon diffusion and thus may be a hint for an elec-
tric transition toward a more conductive phase. In a similar
way, Kamba et al.,’' by IR spectroscopy lead on BFO ce-
ramics, also suggested such an improperlike nature of the
phase transition at 7. Note that such electronic rearrange-
ment is not taken into account within our first-principles-
based calculations and might well explain the discrepancy
between the predicted [4/mcm and the measured P2,/m
symmetry for the phase above T,.

Now, having established the space group symmetry, the
lattice parameters and the Fe-O and Bi-O bond lengths can
be extracted from the Rietveld refinements up to the decom-
position temperature, as shown in Figs. 4 and 5, respectively.
The values of a;, and ¢, (i.e., hexagonal cell parameters ay
and ¢ described in the pseudocubic cell) versus T agree well
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with the earlier data from Bucci et al.'® By increasing the
temperature, the ¢, parameter (see Fig. 4) exhibits first a
slowing down below 7. before decreasing suddenly and
abruptly at T,, whereas a; parameter increases continuously
and transforms into b,, above T, with roughly the same ther-
mal expansion coefficient through 7. It is worth mentioning
that the slowing down of the ¢;, parameter occurs around
600 °C, which corresponds to the minimum of the rhombo-
hedral angle that was evidenced recently by synchrotron ra-
diation diffraction.’® Calculation of the unit-cell volume
shows that the phase transition at 7. is therefore accompa-
nied by a strong decrease in the volume with a variation
AV/V of —1.4% as observed by Palai et al.'> Such an impor-
tant discontinuous change of the volume confirms the first-
order nature of the phase transition and may also be related
to an insulator-metal transition that is often associated with
such volume changes. However, based on our calculations,
the volume change around 7. is AV/V=-0.5% and is al-
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FIG. 6. P2;/m structure at 830 °C. The different lengths of chemical bonds in the two kinds of BiO;, cuboctahedron and in FeOgq

octahedra are emphasized.

ready rather important even without the consideration of any
electronic rearrangement.

Moreover, as a consequence of the important volume
change, a strong chemical rearrangement occurs. Indeed as
shown in Fig. 5, the three short Fe-O bonds and the three
long ones in the rhombohedral phase at room temperature are
equal to 1.96 A and 2.11 A, which is in good agreement
with a recent neutron diffraction investigation.>* Note that
this result provides also confidence in our x-ray analysis as
the lengths found are similar to that determined from neutron
diffraction technique (which is known to be a better-adapted
technique to determine both the heavy- and light-atom posi-
tions in crystals such as BiFeO;). At T,, Fe-O bonds display
a slight jump, then continuously and smoothly increase.
Their values change very weakly with temperature; in a way
they are reminiscent of the rhombohedral phase. The three
short (1.96 A) and three long (2.11 A) bonds of the R3¢
become four short (1.99 A) and two long (2.10 A) bonds.
In this structure, antiparallel displacements are therefore evi-
denced as a Fe displacement within each oxygen octahedron
is observed. However, the presence of the mirror plane per-
pendicular to the b axis causes an antiferroelectriclike net-
work and the global polarization is expected to be zero in the
whole structure. It is worth mentioning that a weak finite
polarization value along the b axis is not completely ex-
cluded as the structure might be affected by the Bi and O
nonstoichiometry. Regarding the Bi-O bonds, there is a
strong change in bond lengths, and especially, we can distin-
guish two kinds of BiO;, cuboctahedron, built around the
Bi(2a) and Bi(2d), respectively, with different chemical
lengths (Fig. 6). These polyhedra have common length along
a and ¢ axis (two Bi-O bonds of 2.80 A and two bonds of
2.82 A, respectively). These two kinds of cuboctahedron,
piled up in (a,c) planes and perpendicularly to the mono-
clinic b-axis, get a lamellar character to the structure. Such

structural property involving the bismuth may also explain
why and how the structure decomposes at high temperature.
Indeed, we believe that temperature agitation can cause mov-
ing of Bi-planes ones on the others (like graphite) by break-
ing first long Bi-O bonds. However, to confirm this expecta-
tion, much more investigations are needed. Moreover, the
increase in the electrical conductivity reported by Palai er
al."” at T, might be then mainly due to the contracting of
Bi-O bond in the P2;/m phase in comparison with Bi-O
length in R3c. Our experimental findings suggest also that
the conductivity in the monoclinic phase is anisotropic, and
should mainly occur in the (a,c¢) mirror plane of this lamellar
structure. Figure 5 presents the temperature dependence of
the different Bi-O bond observed in the structure (see also
Fig. 6).

By increasing the temperature above T, the monoclinic
phase evolves with a quasiconstant vy angle close to 90°, but
always higher than 90° even in its error bars. Interestingly,
the linear extrapolation of a,, b,,, and c,, gives a single in-
tersection at 1020 °C; a temperature where BiFeO; should
be cubic if one assumes a second-order-like phase transition
and, of course, if the sample would not have decomposed
before. It is worth noting that the extrapolated cubic phase
temperature is of the order of the one predicted from first
principles that is around 1167 °C.7

Further inspection of both Figs. 4 and 5 also allows evi-
dencing the Néel temperature Ty. Indeed a small jump oc-
curs around 350 °C in g, and ¢, lattice parameters, which
induces a variation in volume AV/V=0.21%. Below and
above Ty, the cell parameters describe a quasilinear tempera-
ture evolution with close dilatation coefficients for a;, and ¢,
(respectively, equal to  4.5935107 A.°C™! and
5.9566 10 A.°C~!). This result is in agreement with the
earlier observation by Bucci et al.'® and brings also a support
to the strong spin-lattice coupling evidenced by Raman
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spectroscopy.®® It is remarkable that this temperature is also
evidenced by the evolution of the bond length in Fig. 5 by
weak but detectable linear deviation. Interestingly, another
peculiar temperature, called 7" and close to 200 °C, was also
evidenced by neutron diffraction.3> Although the change is
subtle, this temperature can be also evidenced on the lattice
parameters, especially on a,, and in the bond length as
shown in Figs. 4 and 5 through an inflection point (see ar-
row). We suggest that through the crystal structure, the mag-
netic structure arranges itself continuously and slowly be-
tween T° and Ty.

IV. SUMMARY

In conclusion, in this work we have carefully investigated
structural changes on a BiFeO5 powder sample. In contrast to
recent work of Palai er al.,'”> we never reached the cubic
phase because the decomposition of the sample occurs be-
fore. This discrepancy could arise from the presence of some
defects probably at the grain boundaries. In agreement with
Palai et al., we confirm that the phase above T, is not cubic.
However, our investigation shows that this phase is well re-
fined with a monoclinic with either P2,/m or C2/m space
group rather than an orthorhombic one. This phase is cen-
trosymmetric and characterized by a strong oxygen octahe-
dra tilting along the b axis and a metric of the unit cell very
close to a tetragonal one. The centrosymmetry imposes the
phase to be macroscopically nonferroelectric, even if antifer-
roelectric displacements of the Fe cations are observed. Our

PHYSICAL REVIEW B 78, 134108 (2008)

results also evidence a lamellar structure, due to two differ-
ent BiO;, cages, wherein each layer is controlled by the bis-
muth polyhedron that alternates along the b axis, and sug-
gesting a significant electronic rearrangement in terms of
chemical bonding, which in turn might condition anisotropic
electronic properties. Such lamellar structure provides also
an understanding of why BFO decomposes suddenly at high
temperature. Moreover, there is no group/subgroup relation-
ship between the R3¢ and P2,/m space groups. Such feature
explains why the phase transition is not soft-mode driven.
Besides, we also demonstrate a first-order-like phase transi-
tion. Indeed, the temperature dependence of the lattice pa-
rameter displays a strong volume variation at 7. of about
1.4%. Another change is also clearly detected at T), revealing
a spin-lattice coupling related to the appearance of the mag-
netic structure.
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